Superhydrophobic textile material having self-cleaning function was developed by employing carbon nanotubes (CNTs) and water-repellent agents. Hydrophobic fabrics were prepared on 100 % polyester woven fabrics with various yarn diameters and yarn types. The wetting behavior of fabrics with different treatments was compared for: siloxane repellent, fluorocarbon repellent, and CNT added fluorocarbon repellent. Drawn textured yarn (DTY) fabrics exhibited higher contact angle (CA) than filament yarn fabrics due to the larger surface roughness contributed by the textured yarn. Fabrics treated with fluorocarbon presented larger CA and lower shedding angle than those treated with siloxane, because of the lower surface energy of fluorocarbon repellent. Specimens made of 50 denier DTY and treated with CNT-Teflon AF ® showed the most superhydrophobic characteristics in the study, producing the static contact angle greater than 150° and the shedding angle smaller than 15°. CNT on fabric surface contributed to the nano-scale surface roughness to hold the air traps like papillae of lotus leaf, giving superhydrophobic characteristics.
INTRODUCTION *
Application of self-cleaning fabrics is gaining attention [1 -2] for their convenience of less soiling and reduced frequency of laundering. Among the methods to achieve the self-cleaning textiles, fabrication of textile surface mimicking the lotus leaf has been of particular interest. The superhydrophobic and self-cleaning characteristic of lotus leaf, showing water contact angle (CA) of 161° ±2.7° and CA hysteresis of 2°, are known to be attributed to the binary scale roughness in size of 100 nm to 10 μm [1 -2] .
Hydrophobic property of a material surface is governed by both the chemical composition of the surface and the cooperative effect of nanostructures within the micrometer scale area, so-called the hierarchical roughness [3] . Those two level-roughness structure enable the trapping of air under water droplets, thereby contributing to rolling off of water droplets, and this phenomenon is applicable in engineering a superhydrophobic surface.
The characteristic of superhydrophobicity is often defined by the following. First, the equilibrium water contact angle θ of a surface is greater than 150°. Such high contact angles can be achieved by the combination of low surface energy and geometric surface roughness, while a smooth surface can usually generate an intrinsic contact angle only up to about 120° [4] . Second, water must not stick to the surface, and the droplets should roll off easily, which can relate to the main characteristics of self-cleaning surface.
The wetting behaviour on a rough surface in terms of contact angle of liquid can be explained by the CassieBaxter model [5] 
where ƒ 1 is the fraction of the solid surface in contact with liquid; ƒ 2 is the fraction of the air in contact with liquid; θ r CB is the apparent contact angle of liquid on a rough surface in a Cassie-Baxter state; θ e is the equilibrium contact angle when the liquid droplet sits on a smooth surface; and θ e ' is the equilibrium contact angle when the liquid droplet sits on air.
In the Cassie-Baxter model, smaller ƒ 1 produces larger apparent contact angle θ r CB , and various techniques have been studied to reduce ƒ 1 by giving the geometrical roughness on surface such as; sol-gel methods [6] , templation [7] , formation of colloidal assemblies [8] , layerby-layer deposition [9] , micelle formation [10°-11], plasma-enhanced condensed vapor deposition [12] , and physical vapor deposition [13] . Most of those efforts to produce superhydrophobic surfaces by forming roughness structure were made for industrial applications, with the theoretical discussions of Cassie-Baxter behaviour. However, there are few studies that examined the validity of the theoretical models applying to the superhydrophobic textile materials or that associated the level of hydrophobicity with different repellent treatments.
Among the few studies on self-cleaning textiles, Zimmermann et al. [14, 15] reported the superhydrophobic behaviour of of polyethylene terephthalate (PET) fabric treated with polymethylsilsesquioxane (CH 3 SiO 3/2 ), where silicone nano-filaments grew on fabric surface to form nano-pillars. However, the durability of nanofilaments was not achieved, losing the superhydrophobic nature after one-time laundering. Liu et al. [16] treated cotton fabric with carbon nanotube (CNT) embedded in polybutylacrylate (PBA) by dip-pad-dry-cure process, and the resulting fabric exhibited the contact angle greater than 150°. CNT would be another good candidate to fabricate the nano-scale roughness on fabric surface, yet it would be challenging to uniformly grow CNT arrays on textile substrate due to van der Waals forces of CNTs bundles.
Measurement of static contact angle of water droplet on fabric substrate has been used as to evaluate the superhydrophobicity of fabrics. However, this method could generate measurement errors from the unclear contact boundary between fabric surface and water droplet. Moreover, this measurement is often difficult to differentiate the level of hydrophobicity of specimens, generating very large contact angles [17] . Another measurement, contact angle hysteresis, has also been discussed as challenging to produce an accurate measurement. Thus, alternative methods such as measurement of shedding angle or sliding angle, and imaging analysis of the water drop movement have been suggested [18, 19] .
Research on the area of superhydrophobic textile application has been progressed rather recently, and this area needs further studies on theoretical validation and experimental follow-up for fabricating superhydrophobic fabrics. Also, the evaluation method for superhydrophobicity needs to be revisited to provide more practical and relevant analysis to differentiate the level of hydrophobicity of materials.
In the earlier report in our study [20] , theoretical validation of the Cassie-Baxter model was provided on the hydrophobic woven polyester fabrics, with the estimation of fabric roughness represented by f 1 + f 2 [20] . In this study, a superhydrophobic fabric mimicking the binary rough structure of lotus leaf was fabricated employing CNT and fluoro chemicals, and the effect of fabric roughness and surface energy on superhydrophobicity was investigated. To this end, five different fabrics that were varied in roughness by their yarn size and texture were chosen as substrates for superhydrophobic treatment. Two different repellent agents, siloxane and fluorocarbon compounds having varied surface energy, were used as treatment chemicals. A relevant measurement method to evaluate the superhydrophobicity of fabric was discussed.
EXPERIMENT

Preparation of materials
100 % Polyester woven fabrics having various yarn diameters and yarn types were purchased from Dong Jin Textile Co., Ltd. (Korea). The number given in the specimen code indicates the denier of yarn, and the following alphabet code D and F is to discriminate between the filament yarns with and without the drawn textured yarn (DTY) finishing. The characteristics of fabrics are presented in Table 1 . All fabrics were purified as in the following. Fabric specimens were washed with a solution of 5 g/l anionic surfactant and 10 g/l Na 2 CO 3 for 30 minutes at 97 °C ±3 °C, rinsed and dried. Dried fabrics were extracted for 8 hours with a mixture of benzeneethanol (2 : 1 v/v) in a soxhlet, rinsed with 40 °C water, and dried at 105 °C ±2 °C for 20 minutes. is based on a copolymer of perfluoro(2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole) (PDD) and tetrafluoroethylene (TFE). Silicone agent was used as a dilution in deionized water. Fabrics were soaked in the water repellent solution for 10 seconds, dried at 120 °C for 2 min in a drying chamber, then cured at 160 °C for 5 min. Treatment conditions applied were the same for both siloxane and fluorocarbon treatment.
Rough surface in nano to micro scale was fabricated by treating the fabrics with CNT particles. Teflon AF ® was used as a binder. CNT with Teflon AF ® was prepared by dispersing CNT in Teflon AF ® dissolved in FC-75 ® , liquid perfluoro-2-butyltetrahydrofuran (3M, USA). 1 wt% of CNT in Teflon AF ® solution was sonicated in an ultrasonic bath for 20 min to obtain a stable dispersion. Fabrics were soaked in the solution for 10 seconds, dried at 120 °C for 2 min, then cured at 160 °C for 5 min.
From the preliminary experiment with 50D fabric, the soaking in CNT-Fluoro solution was conducted two and four times respectively, where four times of soaking produced higher level of hydrophobicity whoes shedding angle was 4.4°. Two times of soaking produced fabrics with shedding angle of 9.2°. Thus all other experiments were conducted by four times of soaking in CNT-Fluoro solution.
Specimens treated with Phobol RSH ® , Teflon AF ® , Teflon AF ® and CNT were coded as Silicone, Fluoro, Fluoro+CNT, respectively.
CNTs observed by Transmission Electron Microscopy (JEM1010, JEOL, Japan) appeared to have length of 10 μm -30 μm and diameter of 10 nm -20 nm (Fig. 1) . For uniform and stable dispersion of CNT in the polymer solution, COOH functionalized CNT (Hanwha Inc., Korea) was used.
Evaluation
Surface roughness of the flat glass slide treated with silicone and fluorocarbon repellents respectively was analysed by Atomic Force Microscopy (NANO Station II, Surface Imaging Systems, Germany) with tapping mode in 4 nm resolution. AFM probe used was PointProbe ® Plus Non-Contact/ Tapping Mode -High Resonance Frequency -Reflex Coating (PPP-NCHR) obtained from Nanosensors TM . The tip was in pyramidal shape with the tip radius of curvature being less than 10 nm, and was coated with Al on detector side. The force constant and resonance frequency were 42 N/m and 330 kHz, respectively. The roughness of surfaces treated with different repellents was compared by root-mean-square (RMS) of AFM analysis. Contact angle and shedding angle of water droplet was measured at room temperature using the goniometer (Attension ® Theta Lite, BiolinScientific, Sweden) equipped with cradle, where a sliding angle of the specimen holder can be changed by 0.1°. A fabric specimen was fixed on a glass slide using an adhesive tape for the measurement. For the static contact angle measurement, 3.6 µl ±0.2 µl drops of deionized water were placed on 5 different locations of the surface. The contact angle was recorded within one second upon dropping, and an average of ten different measurements was used for analysis.
The shedding angle, at which a droplet rolls off 2 cm of distance or greater, was recorded as shedding angle [21] . To have the free fall of a water drop from the syringe, the volume of water drop needed at least 12.5 µl ±0.1 μl. A water drop in 12.5 µl ±0.1 μl was dropped from a 1 cm distance to a specimen surface. The volume of water droplet was 12.5 μl ±0.1 μl, and the distance between the specimen surface and the syringe was set at 1 cm. All measurements were made from 5 different spots in a fabric and the average of 5 measurements was recorded.
For contact angle hysteresis, advancing and receding contact angles were measured from the image captured when a water droplet of 3.5 µl ±0.2 μl contacting with the syringe needle was moved from right to left in 5 mm distance. Smaller contact angle hysteresis means that a liquid drop moves in a shape close to a spherical shape, and the substrate is more hydrophobic. Bouncing image of water droplet from the fabric surface was obtained when the water droplet of 3.6 μl ±0.2 μl was dropped from 1 cm of height. Roughness of the specimen surface was analysed using FE-SEM (Auriga, Carl Zeiss, Germany). Chemical composition of treated fabric surface was measured using X-ray photoelectron spectroscopy (Sigma Probe, ThermoVG, UK) equipped with a monochromatic Al K excitation source. The spectra were collected with 1.0 eV step at 50 eV constant pass energy for wide scan and 0.1 eV step at 20 eV pass energy for narrow scan. Spectroscopic data were processed by Avantage software (ThermoVG).
RESULTS AND DISCUSSION
Morphology of substrates treated with waterrepellents
Three different repellent treatments, Silicone, Fluoro and Fluoro+CNT coating were performed on a flat glass slide, and the roughness of coated surface was analyzed by RMS measurement of AFM. In Fig. 2 , Silicone treated substrate showed rougher surface than Fluoro treated substrate, because the colloidal form of silicone agents formed aggregates when diluted in water, creating a small scale dull roughness on surface. Table 2 , Fluoro showed smooth surface with RMS of about 0.1 nm. Fluoro agent, comprised of PDD and TFE, was well dissolved in perfluoro-2-butyltetrahydrofuran solvent, without forming aggregates. When CNT dispersion in Fluoro was treated on a flat substrate, irregular and sharp roughness was observed from the surface (Fig. 2, c) , with a large RMS value. Increased roughness formed by CNT deposition was expected to effectively reduce f 1 , the contact area of solid substrate in contact with water droplet, generating the air traps between the geometrical asperities provided by CNTs. 
Evaluation of hydrophobicity of treated fabrics
Static water contact angles on a glass slide (flat) and fabrics with different treatments are compared in Fig. 3 . From the previous study that estimated the fabric roughness by f 1 + f 2 [20] , the surface roughness was estimated larger in the order of 50D ≈ 75D > 150D ≈ 20F > 50F [20] ; that is, f 1 + f 2 was smaller in that order. It can be expected that rougher fabric would have larger static contact angle; however, the contact angle differences by the fabric types were not apparent. On the other hand, the contact angle difference between the untreated and treated specimens was obvious to be monitored.
For most of the fabric types, Fluoro treated fabrics presented slightly higher contact angles than Silicone treated fabrics because of the lower surface energy of Fluoro than Silicone, though the differences were negligible for some specimens. Fluoro + CNT specimens showed slightly larger contact angles than Fluoro specimens, which is thought to be attributed to the added roughness by the introduction of CNT particles. However, the static contact angle measurement could not discriminate the level of hydrophobicity among the specimens whose contact angle was near 150°. As an alternative evaluation method for hydrophobicity, shedding angle at which the water droplet starts to roll off was considered (Fig. 4) . It should be noted that the shedding angle greater than 80° could not be practically measured, and the shedding angle of the untreated substrate was recorded as 80°. The level of hydrophobicity for different treatments was better discriminated by shedding angle measurement, producing a smaller shedding angle for more hydrophobic surface. Shedding angle was observed smaller in the order of 50D < 75D < 150D < 20F < 50F, which roughly corresponded to the order of fabric roughness estimated by f 1 + f 2 in the previous study [20] . DTY specimens compared to filament specimens showed smaller shedding angles to roll off the water drop, which implicates higher repellency of DTY fabric surfaces. The texturized yarns in DTY fabrics add the random roughness to filament yarns, providing the small-scale bumps that can effectively hold the air traps when contacting a water drop, thereby contributing to enhanced hydrophobicity of surfaces. Also, fabrics with small yarn size presented more hydrophobic characteristic with lower shedding angles. The measurements also differentiated the hydrophobic properties between Silicone and Fluoro, and between Fluoro and Fluoro+CNT, demonstrating the validity of this mesurement method as an effective and differentiating evaluation of hydrophobicity of fabrics, particularly where the contact angle is near or greater than 150°. In all fabric types, Fluoro + CNT specimens showed shedding angles lower than 10°. Among the static contact angle and shedding angle measurements, 50D fabric treated with Fluoro + CNT showed the highest static contact angle of 160° and the lowest shedding angle of 4.4°. From the measurement of static contact angles, the differences among the specimens were not distinct. However, the shedding angle measurements presented observable tendency of the level of hydrophobicity. The nano-scale roughness contributed by CNT addition on fiber surface was speculated to result in further decrease in shedding angle compared to the Fluoro only treated specimen. It was inferred that the nanoscale roughness created by CNT was effective in holding air traps under nano-scale bumps, reducing the fabric surface area in contact with water droplet, thus exhibiting superhydrophobic characteristic.
Contact angle hysteresis
Contact angle hysteresis measures the difference in advancing and receding contact angles immediately before the water droplet starts to roll off at a certain sliding angle; that is, contact angle hysteresis = advancing contact anglereceding contact angle. When the interfacial attraction between the substrate surface and water droplet is small, the water drop forms in more spherical shape, giving a small contact angle hysteresis [22, 23] . However, the measurement is often challenging [17, 19] , because it is difficult to catch an image immediately before the water drop starts to roll. Recently a modified method is often used, utilizing a syringe needle to move a liquid drop and measure the advancing and receding contact angles [23, 24] .
In this study, the contact angle hysteresis was measured using a syringe needle to move a 3.5 μl ±0.2 μl size water drop in 5 mm distance on a substrate. The image of droplet shape was presented in Fig. 5 . On 50D fabric, Fluoro+CNT treated surface (lower image) formed a rounder drop than Fluoro treated surface (upper image), demonstrating the higher level of surface hydrohobicity. 
Bouncing behavior
Bouncing of water droplet is a unique characteristic of a superhydrophobic surface. When a liquid droplet collides with a superhydrophobic surface in a certain speed, a droplet tends to bounce off rather than adhere to the surface, and this characteristic leads to a self-cleaning property and dry-feel of a surface. The bouncing phenomenon can be explained as in the following; a liquid droplet increases its surface area when colliding with a surface, which leads to the increase of the surface energy of a droplet. When a water drop falls on a substrate, the potential energy produced at collision would be transferred as kinetic energy or be absorbed on the contacting surface. As for a hydrophobic surface where the contact area between the liquid drop and surface is small, the potential energy gets effectively transferred as the kinetic energy, which induces the bouncing of a liquid drop at the superhydrophobic surface [23, 25] .
This bouncing phenomenon, closely associated with self-cleaning characteristic, was clearly observed from the 50D treated with Fluoro + CNT (Fig. 6) , which demonstrated the feasibility of utilizing this fabric to self-cleaning applications. The very hydrophobic nature, resulted from the low surface energy by Fluoro coating [26] and the roughness added by CNT, generated the bouncing behaviour of a droplet by reducing the contact area between the substrate and the liquid drop. 
CONCLUSIONS
The effect of surface energy and fabric roughness on the level of hydrophobicity was investigated. Fabric types, repellent chemicals, addition of CNT were varied to fabricate the different level of hydrophobic polyester woven fabrics. The evaluation method to effectively measure the hydrophobicity of fabrics was examined.
FE-SEM image of Fluoro + CNT treated substrate confirmed the nano-scale roughness introduced by CNT addition. The roughness contributed by CNT augmented the hydrophobic characteristic by reducing the surface area in contact with liquid droplet. Fluoro + CNT treated 50D fabric presented the characteristics of superhydrophobic materials, with the static contact angle of 160° and shedding angle of 4.4°. From this specimen, bouncing behaviour of water droplet was also observed. The results demonstrated that this developed fabric can be utilized as a self-cleaning material.
Of the measurement methods to evaluate the hydrophobicity of fabric surface, shedding angle, rather than static contact angle, was more relevant to differentiate the level of hydrophobicity for a hydrophobic material whose static contact angle was close to or greater than 150°.
This study is meaningful as a groundwork to develop superhydrophobic fabrics by engineering the surface energy and roughness structures. For practical applications to clothing textiles, further evaluation in washing durability and comfort properties need to be performed.
